1. Introduction {#sec1}
===============

Smoking is known for its negative impact on health being tightly connected to early ageing, carcinogenicity, high risk of lung and cardiovascular diseases, and early mortality \[[@B1]\]. Extensive research in recent years indicates a tight connection between cigarette smoking and rheumatoid arthritis (RA). The prevalence of cigarette smoking appears to be higher in patients with RA \[[@B2]\]. At the preclinical and early stages of the disease smoking has been suggested to trigger the immune reactions controlled by HLA-DRB1 genes \[[@B3]\], which initiates joint inflammation and production of rheumatoid factor (RF) and antibodies to citrullinated peptides, classical serologic biomarkers of RA \[[@B4], [@B5]\]. In the established RA, cigarette smoking is related to the progressive joint damage, persistent disease activity, and development of rheumatic noduli \[[@B6], [@B7]\]. These reports are met by controversy from other studies, which reported a lower radiographic disease progression and no significant effects on disease activity in the smoking patients with RA \[[@B8]--[@B10]\]. In addition, nicotine exposure through smokeless tobacco was not associated with risk of RA \[[@B11]\]. Thus, the molecular events connecting cigarette smoking to severe joint damage and low efficacy of antirheumatic drugs indicates the role of combined biological mechanisms triggered by smoking during arthritis.

Smoking is inversely associated with circulating levels of IGF1 indicating a direct inhibitory effect \[[@B12], [@B13]\]. IGF1 is an important mediator in developmental processes including proliferation, growth, differentiation, and survival \[[@B14], [@B15]\]. Systemic and paracrine IGF1 deficiency is recognized by enhanced skeletal metabolism and progressive osteoporosis \[[@B16]\], development of glucose intolerance \[[@B17]\], premature atherosclerosis, and cardiovascular mortality \[[@B18]\]. Modern understanding of molecular mechanisms of IGF1 suppression by nicotine is connected with dysfunction of the hypothalamus-pituitary axis, where growth hormone, neuropeptide Y, and adipokine leptin have central role.

In human and in experimental RA, the alterations of the IGF1 system encompass the reduction of IGF1 levels \[[@B19], [@B20]\] and high expression of IGF1 binding proteins, which reduces bioavailability of IGF1 \[[@B20]--[@B22]\] despite the increased density of IGF1 receptors. The impairment of IGF1 system is viewed as a result of cytokine-driven chronic inflammation \[[@B23]\]. Clinically, RA patients with low levels of IGF1 have higher disease activity and are prone to cachexia \[[@B21]\]. However, the alleviation of inflammation with the antirheumatic treatment including corticosteroids and TNF inhibitors seldom restores IGF1 system in RA patients \[[@B22]\]. We hypothesise that the competitive binding and activation of the insulin/IGF1 receptor (IGF1R) by several members of the adipokine family including leptin, resistin, and visfatin \[[@B20], [@B24], [@B25]\] disturb normal function of IGF1 system in RA preventing positive feedback.

In RA, adipokines have been connected to the progressive joint destruction. Adiponectin and resistin levels were predictive of radiographic damage \[[@B26]--[@B28]\]. The levels of leptin showed a negative \[[@B29]\] and positive association with the radiographic damage \[[@B30]\]. Additionally, the baseline levels of adipokines may predict the effect of antirheumatic treatment \[[@B31], [@B32]\].

In the present study we asked if smoking was associated with the changes in IGF1 and could mediate the adipokine dependent mechanisms of inflammation in RA. The evaluation of two independent RA cohorts convincingly demonstrates that smoking is an essential factor contributing to low levels of IGF1 and leptin. This novel association between smoking, IGF1 and hypoleptinemia in RA may be of importance for long-term prognosis of the disease and for prediction of comorbidities.

2. Patients and Methods {#sec2}
=======================

2.1. Patient Material {#sec2.1}
---------------------

570 patients from 2 independent RA cohorts (Gothenburg, *n* = 367, and Leiden, *n* = 203) were included in this cross-sectional observational study. Twenty-seven patients (4.7%, 17 patients of Gothenburg and 10 patients of the Leiden cohort) were excluded because of unknown smoking status or use of snuff resulting in 543 patients in total. Written informed consent was obtained from the participants.

The Göteborg cohort comprised the patients with rheumatoid arthritis who attended the Rheumatology Clinics at the Sahlgrenska University Hospital, Gothenburg, and the Rheumatology Unit of the Uddevalla Hospital and were current users of methotrexate. BMI, DAS28, and VAS-pain were recorded. The patients of Leiden cohort were randomly selected from the Leiden Early Arthritis Clinic cohort \[[@B33]\]. BMI, VAS-pain, and DAS44 were recorded. DAS44 was converted to DAS28 with a standardised formula. The study was approved by the Ethics Committee of Sahlgrenska University Hospital and the Leiden University Hospital.

The clinical characteristics of RA patients at enrolment are shown in [Table 1](#tab1){ref-type="table"}. Patients were asked to report their smoking habits through a structured telephone interview or by filling in a questionnaire. Smoking was considered if the patients smoked or had smoked for the past year, based on self-report. Patients were divided by their smoking habits defined as current smokers, former smokers, or never smokers. Subjects who smoked previously and stopped smoking longer than 1 year before the study were considered former smokers.

2.2. Sampling and Storage {#sec2.2}
-------------------------

Blood samples were obtained from the cubital vein and centrifuged at 800 ×g for 15 min, aliquoted, and stored frozen at −70°C until use.

2.3. Laboratory Analyses {#sec2.3}
------------------------

Biological markers were analysed by sandwich enzyme-linked immunosorbent assays (ELISAs) using matched pairs of specific antibodies and recombinant standards. Assays for human adiponectin (DY1065, 62 pg/mL), human leptin (DY398, 31 pg/mL), human resistin (DY1359, 10 pg/mL), and human free bioactive IGF1 (DY291, 4 pg/mL) were all purchased from RnD Systems (Minneapolis, MN, USA). Assays specific for human visfatin (AG-45A-0006TP-KI01; 125 pg/mL) were purchased from Adipogen, Inc. (Incheon, South Korea). All assays were performed according to the instructions of the manufacturers. ELISAs were read with a Spectramax 340 from Molecular Devices (Sunnyvale, CA, USA). The levels of rheumatoid factor (RF) antibodies were measured at the Clinical Immunology Laboratory of the Sahlgrenska University Hospital or Leiden Clinical Immunology Laboratory.

2.4. Statistics {#sec2.4}
---------------

Descriptive data are presented as the median, the interquartile range, the number, and the percentage. The material was stratified by smoking history into the patients who never smoked (NSm, *n* = 240), current smokers (Sm, *n* = 126), and former smokers (FSm, *n* = 177). Bivariate correlation between variables was examined by Spearman\'s correlation test. Differences between correlations were studied with Fisher\'s *r*-to-*z* test. The differences between groups were assessed by the Mann-Whitney *U* test or Kruskal Wallis test followed by Dunn\'s multiple comparisons test. The sensitivity and specificity of calculations were performed using 2 × 2 table analysis and Chi-square tests. To compensate for the absence of established cut-off points and to retain adequate statistic power, the material was categorized by tertiles within each cohort. For the binary logistic regression, the parameters were dichotomized by low compared to medium and high tertiles. Predictive value of smoking and adipokines for low levels of IGF1 and leptin was calculated by composing binary logistic regression models where low IGF1 or low leptin were chosen as the dependent variable and adipokines in tertiles, smoking habits, gender, and age as independent variables (*n* = 516). A second binary logistic regression set was performed where the clinical parameters disease duration, RF positivity, DAS28, VAS-pain, and BMI together with gender, age, and smoking habits, were added as independent variables (*n* = 246). All tests were two-tailed and conducted with 95% confidence. Statistical analyses were performed using Graphpad Prism v.6 and SPSS v.22 software.

3. Results {#sec3}
==========

Clinical characteristics of the studied cohorts of RA patients are shown in [Table 1](#tab1){ref-type="table"}. The Leiden cohort comprised patients with early RA and had lower disease duration (*p* \< 0.001), higher disease activity (*p* \< 0.001), higher VAS-pain (*p* \< 0.001), and lower prevalence of RF-positive patients compared to the Gothenburg cohort of patients with established RA. The two cohorts were similar in gender composition and in BMI. Within the smoking groups, the Leiden cohort was sharply stratified into current smokers (Sm) and never smokers (NSm) (56%), while the Gothenburg cohort had a substantial proportion of former smokers (FSm) (43%). In both cohorts, Sm were more often men (Leiden, 46% men versus 22% women; Gothenburg, 23% men and 18% women), while FSm were older (*p* = 0.006), had longer disease duration (*p* \< 0.001), and lower DAS28 (*p* = 0.05), and were more often RF-positive (*p* = 0.04) than NSm.

3.1. Effect of Smoking on the Serum Levels of IGF1 and Adipokines {#sec3.1}
-----------------------------------------------------------------

The highest serum levels of IGF1 were measured in NSm and they gradually declined with smoking. It was lowest in Sm, followed by FSm ([Figure 1(a)](#fig1){ref-type="fig"}). Additionally, Sm and FSm had higher probability to have IGF1 levels within lowest tertile compared to NSm (Sm: OR 2.24 \[1.38--3.65\], *p* = 0.0012; FSm: OR 1.85 \[1.18--2.89\], *p* = 0.0071). IGF1 is known to regulate the development and metabolism of adipose tissue. BMI, a surrogate measure of adipose tissue volume, showed no correlation with the IGF1 levels (rho = −0.053) and was similar between the smoking groups ([Figure 1(f)](#fig1){ref-type="fig"}). Correlations between BMI and adipokine levels are shown in Supplementary Table S1 (see Supplementary Material available online at <http://dx.doi.org/10.1155/2016/3082820>). Adipokines reflecting the metabolic activity of the fat tissue were affected by smoking. The levels of leptin and adiponectin were lower in Sm compared to NSm (Figures [1(b)](#fig1){ref-type="fig"} and [1(c)](#fig1){ref-type="fig"}), while the serum levels of resistin and visfatin were similar between the smoking groups. Bivariate correlation analyses revealed that NSm presented no or only a weak association between IGF1 and adipokine levels. In Sm, IGF1 was associated with leptin (rho = 0.233, *p* = 0.009) and resistin (rho = 0.210, *p* = 0.018). It was noted that smoking affected associations of leptin with clinical signs of RA. NSm had direct association between serum leptin and DAS28 (rho = 0.216), while in Sm this association became inverse (rho = −0.198). The difference in associations of leptin and DAS between Sm and NSm was significant (*p* = 0.024) ([Figure 2(a)](#fig2){ref-type="fig"}). Similar smoking dependent difference was seen in associations between leptin and VAS-pain (*p* = 0.056) ([Figure 2(b)](#fig2){ref-type="fig"}). The positive association between leptin and resistin was present in all smoking groups suggesting concordant effect of smoking on these parameters ([Figure 2(c)](#fig2){ref-type="fig"}).

3.2. Predictive Value of Smoking and Leptin for Low Levels of IGF1 {#sec3.2}
------------------------------------------------------------------

To identify independent variables predicting low serum levels of IGF1, a binary logistic regression with backwards elimination was performed. In the first step of the model, the adipokine levels in tertiles, gender, age, and smoking groups were introduced. The importance of each variable was verified using Wald statistics and the variables of no importance (*p* \> 0.1) were eliminated. The last step of the elimination analysis indicated that current smoking (OR 0.54 \[95% CI 0.34--0.86\], *p* = 0.009) and low levels of leptin (OR 0.73 \[95% CI 0.57--0.93\], *p* = 0.010) were predictive of low levels of IGF1. Adiponectin was eliminated from the regression model and showed no association with low IGF1 levels. The complete table of elimination steps is available in Supplementary Table S2.

In the second model, the clinical variables (DD, RF-positivity, DAS28, VAS-pain, and BMI) and the smoking groups were added to the analysis. The last step of the elimination demonstrated that present smoking (OR 0.39 \[95% CI 0.18--0.84\], *p* = 0.016) and high VAS-pain (OR 0.986 \[95% CI 0.973--1.000\], *p* = 0.044) were the independent variables to predict low IGF1 in RA patients (Supplementary Table S3).

Since low serum levels of leptin appeared to be an important predictor of low IGF1, a different binary logistic regression model was constructed to understand which clinical parameters were associated with the low levels of leptin. The disease duration, DAS28, age, smoking groups, RF-positivity, BMI, VAS-pain, and gender were included in the regression model. The final step of the backward elimination showed that high DAS28 (OR 0.82 \[95% CI 0.67--1.01\], *p* = 0.060), high BMI (OR 0.74 \[95% CI 0.67--0.83\], *p* \< 0.001), and female gender (OR 14.12 \[95% CI 5.91--33.73\], *p* \< 0.001) increased the probability of low leptin levels (Supplementary Table S4).

4. Discussion {#sec4}
=============

The results of our study indicate that cigarette smoking may be a major cause of acquired IGF1 and leptin deficiency in RA patients ([Figure 3](#fig3){ref-type="fig"}). The multivariate analysis revealed the existing association between these parameters where hypoleptinemia was also shown to be a consequence of higher disease activity. These observations are supported by the reports of an increase in the circulating levels of leptin with a decline of inflammation in RA \[[@B34], [@B35]\] and with successful antirheumatic treatment. After adjustment to inflammation leptin still showed a negative association with the joint damage \[[@B29]\]. In preclinical setting, both the leptin deficient and leptin receptor deficient mice exhibited a delayed resolution of arthritis \[[@B36]\], and leptin supplementation was reported to ameliorate arthritis \[[@B37]\]. Similar to RA, the importance of leptin has been demonstrated in cardiovascular disease \[[@B38]--[@B40]\], malnutrition, and sepsis \[[@B41]\], where low serum levels of leptin are unfavourable for survival. These observations indicate that leptin is not a simple reflection of inflammation being rather engaged in the network of molecular processes in RA pathogenesis.

The physiological role of leptin is currently associated with regulation of the neuroendocrine functions including hypothalamic-growth factor axis and insulin sensitivity with consequences for the energy balance. Stimulation of the growth factor-IGF1 mediated effects makes leptin essential for bone formation acting directly on the bone remodelling cells. In women with hypothalamic amenorrhea, hypoleptinemia is considered the major molecular mechanism of negative bone metabolism in women \[[@B42], [@B43]\], and leptin supplementation enhanced bone formation \[[@B44]\]. Leptin has been shown to be essential for development of naïve T-cells \[[@B45]\] and immature B-cells supporting intracellular activation of the mechanistic target of rapamycin complex 1 (mTOR) mediated processes. This mechanism explains the controls of leptin over T-cell receptor-dependent functions \[[@B46]\] and the balance between the regulatory T-cells and Th17-cells. Leptin-induced mTOR activation defines a specific molecular and transcriptional signature controlling CD4+ effector T-cell responses \[[@B47]\]. Thus, smoking-induced low levels of IGF1 and leptin may support the aberrant T-cell formation at the preclinical stage of arthritis, in the poor bone remodelling and progressive joint damage in the overt arthritis, and for the early cardiovascular mortality in RA.

There are opposing reports on the local intra-articular effects of leptin and its role in cartilage remodelling. In several experimental studies, leptin is shown to be pr-inflammatory and associated with cartilage damage in antigen-induced arthritis \[[@B48]--[@B50]\]. Other studies reported potential protective effect of leptin for the joint cartilage especially in the setting of acute inflammation \[[@B37]\]. Clinical studies followed similar lines; three studies showing high levels of leptin were associated with joint destructive disease \[[@B22], [@B51], [@B52]\]. Interestingly, intra-articular levels of leptin were reported to be low compared to serum levels favouring the hypothesis on the cartilage-protective nature of leptin inside the joints. The prospective case-control study showed a negative association between serum leptin and the cartilage changes measured by Larsen score and adjusted for inflammation \[[@B29]\]; a different study reported that high leptin was associated with radiographic progress of joint damage \[[@B30]\]. Three other studies found no association between serum leptin and progress in radiographic changes using longitudinal analysis \[[@B26], [@B27], [@B53], [@B54]\]. The present study suggests a connection between leptin and neuroendocrine processes regulated by IGF-1 in RA since the levels of leptin together with smoking appeared to be the major denominator of IGF1 levels.

The observational design of this study reveals association between leptin and IGF1 without studying their mutual dependence. A bidirectional activation of leptin-IGF1 signalling has been demonstrated experimentally, where leptin competes with IGF1 for binding to IGF1R, and IGF1 in turn activates (phosphorylates) the leptin receptor \[[@B24]\]. In the clinical setting, acquired and congenital hypoleptinemia is followed by a decrease in IGF1 levels and leptin treatment efficiently restores IGF1 levels. The effects of leptin on the levels of IGF1 occur independently of growth hormone, since the increase of IGF1 during growth hormone supplementation was associated with a decrease of leptin \[[@B55]--[@B57]\]. The reports above makes leptin a probable mediator of low IGF1 levels in smokers.

Several sources of bias should be considered in this observational study. Stratification of smoking groups is done on the basis of self-reported smoking habits, which may present a source of bias in our study. Accuracy of self-reported smoking varies between studies and is shown to be lower in younger individuals and in socially deprived areas \[[@B58]\]. None of these parameters are applicable in the studied cohorts and enhances confidence in our observations. The use of smokeless tobacco, a common substitute for cigarette smoking in Sweden, is another potential source of bias. Individuals using snuff were consistently excluded from the Gothenburg cohort. The two independent patient cohorts included in the analysis differed with respect to smoking, where the prevalence of former smokers was higher in the Gothenburg cohort. The trichotomization of the whole material permitted the independent analysis of current and former smoking on the low IGF1 levels and showed concordant results. Selection bias may be expected in this study since the Gothenburg cohort has been collected among the methotrexate users where patients with less severe course of RA are underrepresented. However, the cohorts of this study are representative with respect to RF, which permits an assumption of sufficient balance in disease severity. Importantly, the adjustment for RF-positivity did not affect the observed associations between smoking, IGF1 and leptin and makes extrapolation of the results possible on both RF-positive and RF-negative RA populations.

The combination of two independent clinical materials adds certain strength and weakness to the study. On one side, it introduces heterogeneity with respect to disease duration and disease activity, also with respect to experience of different treatment modalities. On the other side, it enhances study power and supports external validity of the obtained results.

5. Conclusions {#sec5}
==============

In conclusion, this cross-sectional study identified smoking as an important predictor of low IGF1 and low leptin in RA patients. Importantly, this association existed independently of age, gender, and BMI and may be of importance for the long-term prognosis in RA and development of comorbidities.
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Bivariate correlations between BMI and adipokine levels are found in Supplementary Table S1. The complete table of elimination steps from logistic regression models are found in Supplementary Tables S2--S4
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![Serum levels of IGF1 and adipokines in RA patients grouped by smoking habits. Serum levels of IGF1 (a), leptin (b), resistin (d), adiponectin (c), visfatin (e), and BMI (f) in RA patients grouped by smoking habits in current smokers (Sm, *n* = 126), former smokers (FSm, *n* = 177), or never smokers (NSm, *n* = 240). Boxes represent median and interquartile range. The comparison was performed by the Kruskal Wallis nonparametric ANOVA with Dunn\'s multiple comparisons test.](MI2016-3082820.001){#fig1}

![The correlations between serum levels of leptin and clinical parameters of RA in the smoking groups. The bars represent the correlation coefficients for the disease activity score (DAS28) (a), VAS-pain (b), and adipokine levels in serum (c, d) in RA patients grouped by smoking habits into smokers (Sm), former smokers (FSm), and never smokers (NSm). The correlations were analysed by the Spearman statistics. The Fisher\'s *r*-to-*z* test was used to compare the magnitude of the correlation coefficients between Sm and NSm. The *p* values below 0.01 are indicated ( ^*∗∗*^).](MI2016-3082820.002){#fig2}

![Graphic summary. The combined results obtained on patients with early RA (the Leiden cohort, *n* = 193) and on patients with established and treated RA (the Gothenburg cohort, *n* = 350) indicate that cigarette smoking may be a major cause of acquired IGF1 and leptin deficiency in RA. The multivariate analysis confirmed an association between smoking, IGF1, and leptin, where hypoleptinemia was also shown to be a consequence of higher disease activity. These novel associations are of potential importance for long-term prognosis and in risk assessment for complications and comorbidities in RA.](MI2016-3082820.003){#fig3}

###### 

Clinical and demographic characteristics of patients with rheumatoid arthritis in the Gothenburg (Sweden) and Leiden (The Netherlands) study cohorts.

  ---------------------------------------------------------------------------------------
                            Gothenburg \          Leiden \              *p* values
                            *n* = 350             *n* = 193             
  ------------------------- --------------------- --------------------- -----------------
  Age, years                57.0 \[47.0--63.0\]   56.9 \[47.4--68.7\]   ns^A^

  Gender, female/male (%)   256/95 (73%)          129/63 (67%)          ns^B^

  BMI, kg/m^2^, *n* = 368   25.7 \[22.6--29.0\]   25.8 \[23.6--27.7\]   ns^A^

                                                                        

  Disease duration, years   8.0 \[3.0--15.0\]     0.4 \[0.2--0.9\]      *p* \< 0.001^A^

  DAS28, *n* = 229          3.02 \[1.90--4.06\]   5.17 \[4.46--5.91\]   *p* \< 0.001^A^

  VAS-pain, mm, *n* = 373   27.0 \[12.0--51.0\]   46.0 \[28.0--64.3\]   *p* \< 0.001^A^

  RF pos./neg. (%)          228/94 (71%)          115/77 (60%)          *p* = 0.012^B^

                                                                        

  Smoking habits, *n* (%)                                               *p* \< 0.001^B^

   Smokers                  68 (19%)              58 (30%)               

   Former smokers           150 (43%)             27 (14%)               

   Never smokers            132 (38%)             108 (56%)              
  ---------------------------------------------------------------------------------------

Continuous variables are presented as median \[IQR\].

BMI: body mass index; DAS: disease activity score; VAS: visual assessment scale; RF: rheumatoid factor

^A^Groups were compared with Mann-Whitney or ^B^Chi-square test.
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